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Vocal folds are made of an elastomeric tissue and are essential to everyday life, 
allowing for communication. Approximately 28 million individuals have paralysis or 
scarring of the vocal folds mostly due to injury or systemic diseases. Symptoms may 
include voice hoarseness or fatigue. Healthy vocal folds consist of distinct layers of soft 
tissue. We are designing hydrogels with properties similar to these healthy tissues. The 
hydrogels are envisioned to be used as injectable and degradable tissue matrices that 
allow for repair and regeneration of the vocal folds. 
 
We present the synthesis of a robust and degradable hydrogel system made of 
lactide containing poly (ethylene glycol) that was cross-linked in the presence of collagen. 
The hydrogel precursor solutions are low viscous and injectable and the cross-linked 
hydrogels form elastomeric-like polymer networks. Mechanical properties of the 
hydrogels were found to depend predominantly on PEG-LA-DA polymer concentration. 
Incorporation of collagen into the covalently cross-linked PEG based network enhanced 
hydrogel viscoelasticity. Degradation properties were strongly dependent on temperature. 




developed to fine tune mechanical and degradation properties. The findings and results 
from this project show promise in generating robust and degradable soft materials for 




CHAPTER 1. INTRODUCTION 
Vocal folds are elastomeric tissues that are essential to everyday life, allowing for 
communication. Healthy vocal folds consist of distinct layers: stratified squamous 
epithelium, basement membrane zone, and a matrix-rich lamina propria attached to the 
vocalis muscle and anchored to the thyroid and arytenoid cartilages [1]. Various factors 
such as individual tissue biomechanics (variations between individuals) and aerodynamic 
pressure influence the vibration of the vocal fold [2, 3]. Generally, the vocal folds work 
within frequencies of 100 – 300 Hz and a maximum tensile strain of 60% [4].  
Approximately 6% of the entire United States adult population have some sort of voice 
disorder whether it be paralysis, scarring, bowing, or tumors [5]. Vocal fold damage can 
occur as a result of trauma, radiation, infection, or surgical procedures (either directly on 
the vocal fold and larynx or from a surgical pathway) [6, 7]. 
 Hirano et al. published basic  science  research  on  the  vocal  box  in  the  1970’s  that  
has established the current understanding of the field [1]. One important physiological 
component of the vocal fold is the lamina propria, which is a moist lining—leading to the 
use of moist materials as replacements. The lamina propria is composed of three layers: 
superficial, intermediate, and deep. Collagen Types I and III, elastin, fibronectin, and 
hyaluronic acid are the main constituents of the lamina propria [6, 8-12]. Collagen 




protein that adds to the mechanical properties of the vocal fold. The vocal folds can be 
described in mechanical terms. The elastic shear modulus of the lamina propria mucosa 
ranges from 800-1800 Pa and the dynamic viscosity of the muscosa ranges from 2 - 700 
Pa [13, 14]. 
 Since initial research on vocal folds and subsequent research on scarring and 
paralysis [1, 6], there are few therapeutic options to treat unilateral vocal fold immobility. 
During the mid-20th century, Teflon was used as an injectable augmentation material, but 
it was found to be carcinogenic, thus its use has been discontinued. More recent, research 
focuses on scaffolds and cellular treatments or a combination thereof [15]. Both collagen-
based and hyaluronic acid-based hydrogels have been investigated as injectable tissue 
repair matrices for the vocal fold augmentation, or bulking of the vocal tissue. Clinically, 
several materials have been considered to repair the vocal folds with varying amounts of 
success. Among these are silicone, calcium hydroxyapatite, fat, and collagen (bovine and 
self) [6]. Limitations such as immunogenicity, weak mechanical strength, and short in 
vivo life span encourage researches to develop more and better materials. Our work will 
continue provide further ground-work to overcome some of these limitations in order to 
develop a better solution. 
 Due to the lack of materials that exhibit modulus matched mechanical strength 
(specifically: storage moduli, tensile strength and elastic shear moduli) when compared to 
the mucosa and ligament of the vocal fold [13, 16-18], there is a need to develop novel 
solutions to repair vocal folds from lesions and gaps that are caused by scarring or 
paralysis. There are physiological differences between vocal fold scarring, paralysis, and 




developed. All the while, new material properties should be matched with the respective 
properties of the vocal region to ensure the best treatment to achieve a more natural vocal 
state. 
 To this end, we have developed a hydrogel containing PEG, lactides, and collagen 
that may more adequately match some of the mechanical and biological features of the 
vocal fold. Hydrogels are unique polymer networks composed of up to 90% water. 
Traditionally, hydrogels have been used in applications such as contact lenses, ligament 
repair, and vascular grafts. Biomimetic hydrogels are gradually becoming a tool in which 
cells are interwoven to produce 3D tissue structures. By combining synthetic and natural 
(biological) polymers, potentially good candidates for lamina propria replacement and 
repair can be developed. High reproducibility of any replacement material often requires 
the use of synthetic polymer components for formulation. Further, concentrations of these 
polymers can be varied to fine-tune the mechanical properties of the hydrogel matrix. The 
addition of biological polymers, biomolecules, cells, growth factors, or a combination to 
synthetic hydrogel networks will add to the bioactivity of the matrix and allow for cell 
attachment and proliferation [19]. 
 A well-known and widely used synthetic polymer for biomedical applications is 
poly (ethylene glycol) (PEG). Often PEG is acrylated and covalently crosslinked, 
providing mechanically robust networks that can better withstand cell contraction (which 
is important when considering the vocal folds) compared to biological polymer hydrogels 
which have the potential to break apart. The vocal folds undergo large deformations with 
stretching and relaxing when opening and closing of the glottis and have a larger resonant 




day and over a lifetime, limiting the use of purely biological solutions. Investigation into 
a scaffold that can meet the viscoelastic property needs is important in developing a 
solution for vocal fold repair [20]. 
 Robust polymer hydrogels have been used in a variety of applications where 
tunable mechanical properties are needed for viscoelastic tissue engineering [21-26]. 
PEG is often used as a base synthetic polymer due to it being biocompatible, 
functionalizable, and its support of cell growth and synthesis of new extracellular matrix 
(ECM) [27-30]. Hydrogels can mimic the body ECM in their highly aqueous 
environment. The pores and interstitial gaps between polymer chains within the three-
dimensional network may allow for cellular migration and attachment via adhesion 
proteins, and diffusion of nutrients and wastes through the pores [31-33]. The polymer 
network is held in place and kept from flowing via physical and chemical bonds: 
hydrogen bonding and ionic interactions along with covalent crosslinking of acrylated 
ends of PEG. Cross linking (covalently binding of acrylates) via polymerization can be 
initiated with external cues such as light, temperature, pH, or solvent [22, 28, 33-36]. By 
utilizing a liquid pre-cursor solution, the developed material can take the needed shape of 
tissue defects, filling in and bulking out the tissue, and possibly crosslinking with native 
tissue [29, 33, 36, 37]. 
 Mechanical tunability for specific tissue applications remains a challenge in most 
conventional biomaterials. Hydrogel properties can be tuned via several means: cross-
linking density, polymer concentrations, polymer type, molecular weight (of polymer and 
added enhancements), and functional groups. Specifically for photo-polymerized 




to light source all influence the mechanical properties [38-41]. By selectively altering and 
enhancing the listed parameters, the mechanical properties of hydrogels can be tuned for 
very specific applications and possibly expand the role of hydrogels in biomedical 
engineering [42]. 
 Poly (ethylene glycol) has been used as a synthetic polymer for use in the fields of 
biotechnology, drug delivery, and tissue engineering within FDA approved devices [27]. 
PEG based systems have driven the research areas as far reaching from neural 
regeneration to bone and cartilage replacement [43-45]. PEG systems have also been 
designed, synthesized and optimized for areas such as vascular tissue sealants [24]. 
Advantages of using PEG include, but are not limited to, its bio-inert nature, 
biocompatibility, minimal immunogenicity, hydrophilicity, low protein adsorption, and 
versatility when being chemically modified. PEG is widely available and most often used 
in its linear form. Linear PEG has hydroxyl end groups that, using the appropriate 
chemistry, can be modified with acrylates, amines, maleimide, and aldehyde 
functionalities thereby changing the chemical, physical, and biological properties [46, 47]. 
PEG-diacrylate is a very common form that has been used to form cross-linked rigid 
hydrogels [19, 22, 33, 48, 49]. Cells can easily be encapsulated into these PEGDA 
networks [28]; however, it but be first functionalized to allow for cell adhesion, 
proliferation [27, 31] or degradability [50] via the addition of lactides. In addition to 
composition, the ratio between covalent cross-linking of acrylate end groups and physical 
cross-linking of collagen to collagen and collagen to PEG will influence the viscoelastic 




 Gaharwar et al. developed PEGDA nanocomposite hydrogels that are able to 
support cell adhesion and proliferations of mouse pre-osteoblasts and human 
mesenchymal stem cells [23]. The synthetic, silicate nanoparticles used by Gaharwar add 
bioactive properties that allow cell adhesion, spreading, and proliferation along with 
adding mechanical strength and durability [23, 28, 51]. Bryant and Anseth have 
synthesized degradable hydrogels from poly (ethylene glycol) dimethacrylate and poly 
(lactic acid) [43, 52, 53]. Having encapsulated chondrocytes, Bryant and Anseth 
concentrated on the cross-linking density, finding that the cross-linking density affects 
both the compressive modulus and the amount of type II collagen produced by the 
encapsulated chondrocytes. Kutty et al. developed a semi interpenetrating hydrogel 
network from PEGDA and hyaluronic acid. Adding just a small amount of hyaluronic 
acid significantly improved the mechanical properties of the hydrogel. This system also 
improved the spreading of encapsulated human dermal fibroblast cells [4]. 
 There are over twenty types of collagen, the main structural protein in the 
extracellular matrix. Collagen can be thought of as a natural polymer and is often utilized 
to add in bioactivity to synthetic matrices. Collagen type I is recognized by integrins on 
cell surfaces, allowing cells to adhere where collagen type I is present [29, 33, 54]. 
Physical crosslinking occurs in collagen at 37°C and at neutral pH in aqueous 
environments. This process is called fibrillogenesis. Typical collagen hydrogels have 
very weak mechanical properties; though when combined with synthetic polymers, it is a 
viable hydrogel solution for tissue engineering [38, 55]. Our aim is to combine the 




 This novel solution has potential in the correction of vocal fold scarring or 
paralysis. Further, the proposed hydrogel solution could be used as a general tissue 
bulking agent where injectability is a design requirement. Current collagenous materials 
used for bulking  treatments  have  Young’s  Moduli of approximately 2.82 GPa and tensile 
strengths of 50 MPa [56]. Poly lactic acid materials used for treatments have Young’s  
Moduli ranging from 3.5-10 GPa with tensile strengths from 40-150 MPa [56]. 
Specifically with regard to vocal fold tissue, Kutty et al. have developed PEG-bis-[2-
acryloylowy propanoate] and PEG-bis-[2-acryloyloxy butyrate] hydrogels for vocal fold 
repair. They have found that the elastic moduli of these hydrogels range from 35-100 kPa 
with the longest time to degradation of 18 weeks (126 days) [57]. 
 The long term aim of this research is to be able to design a robust, degradable 
hydrogel network from PEG, lactides, and collagen that is non-immunogenic and mimics 
the mechanical and biological properties and function of the healthy vocal fold. We focus 
here on the mechanical characterization of said hydrogel network via oscillatory shear 
experiments, tensile and compression experiments. Additionally swelling and degradation 
experiments are completed in order to better understand the degradation profile. We will 
then proceed (in the future) to further integration of other biomolecules and natural 




CHAPTER 2. MATERIALS AND METHODS 
2.1 Materials 
Polyethylene glycol (Mw = 3,400 g·mol-1), lactide, and tin (II) 2-ethylhexanoate 
were purchased from Fluka Analytical (Sigma-Aldrich, MO). Diethyl ether and 
dichloromethane were obtained from Mallinckrodt Baker (VWR International, PA). 
Triethylamine was purchased from EMD Chemicals Inc., and acryloyl chloride was 
obtained from Alfa Aesar. Irgacure 2959, 1-[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-
methyl-1-propane-1-one, was received from Ciba AG (Basel, Switzerland). Nutragen®, 
bovine type I collagen solution, was purchased from Advanced Biomatrix (San Diego, 
CA) at a stock concentration of 6.0 mg·mL-1. All chemicals were used as received 
without further processing. 
 
2.2 Synthesis of PEG-LA-DA and chemical analysis 
The addition of lactide to each of the PEG hydroxyl end groups was done via 
ring-opening polymerization with tin (II) 2-ethylhexanoate as catalyst. Briefly, 10g PEG, 
1.694 g lactide and 40 µL tin (II) 2-ethylhexanoate were stirred under nitrogen, at 180°C 
and for ca. 4 hours. The resulting product, PEG-lactide (PEG-LA), was dissolved in 
dichloromethane and precipitated in ice-cold diethyl ether. The precipitate was dried and 




functionalized PEG was used for acrylation. In short, 10g PEG-lactide were dissolved in 
30mL dichloromethane containing 2.50mL acryloyl chloride. A dichloromethane solution 
with 12 molar excess of triethylamine was added drop wise to the PEG solution. The 
reaction was stirred until completion at 0°C and the product was precipitated in ice-cold 
diethyl ether and purified several times. The polymer (PEG-LA-DA) was dried in 
vacuum. 1H NMR (CDCl3) was used to verify the product on a Bruker ARX 400 Hz 
spectrometer. The acrylated product was characterized according to an optimized 
procedure reported in literature.[25, 58] PEG-lactide diacrylate was well dissolved in a 
photo-initiator solution (0.4 wt./vol.% Irgacure 2959 in 1X PBS), then kept in an ice bath. 
 
2.3 Preparation of Hydrogels from PEG-LA-DA and Collagen 
Collagen  solution  was  prepared  according  to  a  manufacturer’s  procedure.  In  brief,  
to prepare 1 mL of a 4.8 mg·mL-1 collagen  solution,  100  μL  of  10X  PBS  and  800  μL  of  
stock collagen solutions were mixed with gentle swirling. The mixture was then 
neutralized with 1.0 M NaOH and monitored with pH meter. 1X PBS was added to the 
neutralized solution to adjust the final volume to 1 mL. Functionalized PEG-lactide-
diacrylate solution (10, 15, 20 wt%) was added slowly to the neutralized collagen 
solution and mixed in an ice bath for 2 h. The resulting solutions were either translucent 
or nearly opaque. The precursor solutions were injected into a glass or silicone mold 
(thickness = 1 mm) and photo-cross-linked for <15 min with a high-intensity UV lamp 
(B-100AP, Ultra-Violet Products, Up-land, CA) at wavelength of 365 nm. The distance 
between the UV lamp and the sample was kept at 10-15 cm. (Figure 2.1) After photo 




sample shapes were prepared for material characterization. For rheological studies, disk-
shaped samples with diameter of 20 mm and a height of 1 mm were prepared. For tensile 
testing, dog bone-shaped sample specimens were made with a middle cross-sectional area 
of 2.5 mm2. For compression testing, cylindrical samples with a diameter of 5 mm and a 
height of 8 mm were prepared. 
 
 
Figure 2.1 Schematic showing the preparation of PEG-LA-DA and collagen hybrid 
hydrogel. PEG-LA-DA and neutralized collagen solutions are carefully mixed together 
before injection molding and photopolymerization. The insert shows the possible 
structure of the hydrogel. The table list hydrogel compositions. 
 
2.4 Rheological Experiments 
Rheological characterization of hydrogel samples (stress sweep and frequency 
sweep) was done using an AR G2 stress controlled rheometer (TA Instruments). All 
experiments were performed using a temperature controlled Peltier platform and a 20 mm 
parallel plate geometry. Temperature was set at 25°C and the gap distance was 
maintained at 0.7 mm. A solvent trap was used to minimize sample evaporation. Stress 
sweep experiments were performed using an oscillatory shear stress ranging from 0.01 to 




frequencies ranging from 0.01 to 100 Hz and an oscillatory shear stress of 1 Pa. Rheology 
and mechanical testing experiments for all translucent and nearly opaque hydrogels were 
repeated several times with hydrogels synthesized and photo-polymerized on different 
days. This was done to assure reproducibility and to verify that any heterogeneity 
obtained through mixing and photo-polymerization did not significantly influence 
viscoelasticity. 
 
2.5 Tensile and Compression Experiments 
Tensile and compressive tests were performed using a modified ARES strain 
controlled rheometer (TA Instruments). For tensile measurements, dog bone-shaped 
hydrogel samples were stretched in uniaxial direction at a strain rate of 1 mm·sec-1. The 
Young’s  modulus,   fracture   stress,   and   ultimate   strain   were   calculated   for   each   sample  
from the resulting stress-strain curves. For compressive tests cylindrical hydrogel 
samples were subjected to a 50% compressive strain at a strain rate of 0.1 mm·sec-1. The 
hysteresis of each sample after experiencing the cyclic compression was calculated. The 
compressive modulus of each sample was calculated by fitting a line through the linear 
region of the data measured between 2 to 10% strain. In a second series, increased 
compression was imposed starting at 10% and ending at 50% within 10% intervals. 
 
2.6 Swelling and Degradation Experiments 
Swelling and degradation studies of hydrogel samples were done by incubating 
as-prepared cylindrical samples with 5 mm diameter and 10 mm height in phosphate-




prevent mold formation. Weights of swollen hydrogels were measured at different set 
time points for up to 90 days. Swelling ratios were calculated by dividing the weight of 
the swollen hydrogel sample by the initial weight of the as-prepared sample, according to 
the following equation: 
Swelling  ratio  (%)  =  
(Wt  -­  W0)
W0
  ×  100%                                                                                        (1) 
Wo is the initial weight, and Wt is the weight of the swollen hydrogel at a specific time 
point. 
 
2.7 Statistical Analysis 
2.7.1 Oscillatory Shear Experiments 
MiniTab-16 software was used to conduct a series of one-way unstacked ANOVA 
tests with post-hoc  Tukey’s  test. Comparisons were completed within a constant PEG-
LA-DA concentration and within constant collagen concentrations (N=12). Plots show 
the  average  G’  with  ± standard deviation. 
 
2.7.2 Tensile Experiments 
MiniTab  16  software  was  used  to  conduct  a  series  of  student’s  t-test at p=0.05 
significance  level.  Student’s  t-test (n=3) were  completed  for  Young’s  modulus,  ultimate  
Tensile strength, fracture stress, and toughness. 
 
2.7.3 Swelling Experiments 




CHAPTER 3. RESULTS AND DISCUSSIONS 
3.1 Oscillatory Shear Experiments 
Oscillatory shear experiments as summarized in Figures 3.1-3.3 show some of the 
viscoelastic behavior, thus providing insights on possible interactions between the PEG-
LA-DA network and the collagen. As expected, an increase in PEG-LA-DA 
concentration leads to an increase in elastic moduli. An increase in collagen 
concentration appears to lead to an increase in moduli with regard to the control (no 
collagen, just PEG-LA-DA); however, this trend is not observed for the 20 wt% 
functionalized PEG and collagen containing samples and adding 0.25 wt% collagen does 
not follow this trend. It is possible that the higher collagen concentrations will reduce the 
formation of a strong covalently crosslinked network. The distribution of acrylate-based 
covalent crosslinks will be more heterogeneous as will be the mesh size, which is 
influencing the network modulus. The data suggest that 0.75 wt% of collagen appears to 
be an upper limit of collagen concentration that can be incorporated within a PEG-LA-
DA hydrogel without significantly diminishing the mechanical properties of the hydrogel. 
More collagen may be introduced into the PEG-LA-DA network but this has to be done 
under different formulation conditions. The storage moduli are consistently higher than 





There is a significant difference between samples containing 0.25 wt% collagen 
and those containing 0, 0.50, and 0.75 wt% collagen at the 10 wt% functionalized PEG 
concentration (Figure 3.3). There is no statistical difference between adding collagen and 
not adding collagen when PEG-LA-DA concentration is 15 wt%. Further, there is a 
significant difference in the moduli when comparing the 20% PEG-LA-DA to the 15% 
and 10% PEG-LA-DA containing samples. Figure 3.3 summarizes the statistical findings. 
 
Figure 3.1 Rheological characterization (under oscillatory shear) hydrogels made of 
PEG-LA-DA (10, 15, 20 wt%) and collagen (0.00, 0.25, 0.50, 0.75 wt%). Stress sweep 
results show a viscoelastic plateau between 0.01 and 1000 Pa. compositions are listed in 
Figure 1 
 
Figure 3.2 Rheological characterization (under oscillatory shear) hydrogels made of 
PEG-LA-DA (10, 15, 20 wt%) and collagen (0.00, 0.25, 0.50, 0.75 wt%). Frequency 





Figure 3.3 Graph  of  G’  as  a  function  of  PEG-LA-DA concentration and Collagen 
concentrations. ANOVAs were ran and (*, #, %) indicate significant difference when 
compared to other samples in the same group. If no symbol is present then samples are 





3.2 Tensile Testing Experiments 
Tensile testing is a suitable technique that can assist in evaluating the elongation 
and elastomeric properties of hydrogels. During an experiment the hydrogel sample will 
be stretched at a constant strain rate and the stress relaxation will be recorded over time. 
Uniaxial tensile tests with PEG-LA-DA and PEG-LA-DA/collagen semi-
interpenetrating network (iPN) hydrogels were performed to characterize the mechanical 
properties of the PEG-collagen hybrid system. Evaluation of data was supposed to 
identify the contributions of PEG and collagen to mechanical strength when the 
hydrogels are stretched. Dog-bone shaped samples were prepared and subjected to 
stretching using a modified ARES rheometer (TA Instruments). Hydrogel samples 
contained 20 wt% PEG-LA-DA with and without 0.75 wt% collagen. Samples were 
tested until fracture. 
The results obtained from tensile testing are summarized in Figure 3.4 and include 
representative stress-strain curves. Table 1 summarizes the Young moduli, fracture 
stresses, ultimate strains and toughness. The data show that there is no statistical 






Figure 3.4 Summary of tensile experiments: the data are highly reproducible and there are 
no statistical difference in Young’s  moduli for samples containing collagen and those not 
containing collagen. Student’s  t-test were completed on the data. 
 
Table 1 Summarized tensile experiment data. Student’s  t-test indicate that there is no 





When comparing our tensile testing data to those published by Chan et al., we 
observe that our PEG-LA-DA / collagen hydrogels have increased stresses but lower 
strains (stress ca. 90 kPa, strains ca. 80%) while Chan et al. PEG-DA / collagen 
hydrogels have lower stresses and higher strains (stress ca. 30 kPa, strains ca. 320%) [21]. 
The difference in these results may be attributed to changes in hydrogel compositions and 
concentrations. While our hydrogel formulations were made of up to 20 wt% PEG-LA-
DA  and  0.75  wt%  collagen,  Chan  et  al.’s  hydrogels  were  made  from  up  to  10%  PEG-DA 




electrospun PEG-Poly lactic acid (PLA) fibers, significant changes in tensile testing data 
are observed. For example dried and electrospun PEG-PLA blockcopolymers, as tested 
by Luu et al. for use as DNA delivery, yielded elastic moduli of 35 MPa and ultimate 





3.3 Compression Experiments 
Compression testing is completed to examine properties that are critical to 
hydrogels designed for elastic tissue repair. For example, viscoelastic tissue may undergo 
significant compressive deformations during use. We seek to understand how our 
hydrogels undergo compressive deformation and if this deformation is reversible. 
Compression testing can cause structural rearrangements by itself. Therefore, we have 
tested samples within different experimental setups. 
Unconfined compressive testing experiments on hydrogels containing collagen 
and control hydrogels were performed to evaluate the effects of collagen on the 
compressive properties at different PEG-LA-DA concentrations (Figures 3.5-3.7). 
Compression studies included a) cyclic 50% compression and b) increased compression. 
For cyclic compression, twelve different compositions were investigated. Hydrogel 
combinations made of PEG-LA-DA (10, 15, 20 wt%) and collagen (0.00, 0.25, 0.50, 0.75 
wt%) were tested (Figure 2.1). Cylindrical shaped hydrogel samples were subjected to 
loading and unloading cycles and samples were compressed to a specific strain. The 
hydrogels could be compressed (10-50% strain) without fracture and all samples were 
able to recover to their original shapes when visually inspected after the experiment. For 
increased compression testing, only samples of PEG-LA-DA (10, 15, 20 wt%) containing 
no collagen and the maximum amount (0.00 and 0.75 wt% collagen) were tested. These 






Figure 3.5 Compression testing using increased compression of PEG-LA-DA (10, 15, 20 
wt%) and collagen (0.00, 0.75 wt%) samples. Samples were subjected up to 50% strain in 
10% increments at a strain rate of 0.1 mm/s. 
 
Compression testing data are summarized in Figures 3.5-3.7. The plots show 
stress-strain curves for all compositions and hysteresis for one selected composition. 
Table 2 lists the most significant findings. Small amounts of hysteresis are observed for 
all hydrogel samples and are attributed to the energy absorbed during deformation. 
Limited hysteresis is visible for samples that contain 10 wt% PEG-LA-DA. This 
indicates that these samples represent a more ideal elastic network when compared to 
samples containing a larger weight % of PEG-LA-DA. 
Overall, incorporating collagen has some effect on the compressive stress with an 
increasing PEG-LA-DA concentration; however the trends visible are inconclusive when 
compared to oscillatory shear (Figure 3.3) and tensile testing data (Figure 3.4). For 
example oscillatory shear data of hydrogels suggest the presence of trends such as an 
increase in elastic moduli with increase in collagen concentration (Figure 3.3), however 




no significant difference when comparing tensile testing curves of hydrogels with and 
without collagen. These results are somewhat surprising but can possibly be explained in 
terms of molecular interactions. Collagen will interact with the lactide groups and the 
PEG within the PEG-LA-DA. Collagen can also interfere with the covalent bond 
formation during photo crosslinking of the PEG-LA-DA. Finally, collagen may increase 
the hydrogel viscoelasticity by simply acting as a filler. 
Hysteresis is observed during the measurement, with the area between the loading 
and unloading curves determining the energy dissipated by the network. Data in Table 2 
show that with increasing collagen amounts, the compressive strength and moduli 
decrease while the hysteresis increases. Perhaps compression testing experiments can 
capture trends in mechanical properties better than tensile testing experiments, because  
one has to deal with less solvent evaporation problems during the compression 
experiments. For example, more hydrogel sample is exposed to air during tensile testing 
experiments than during compression testing experiments. Thus more work needs to be 
done to evaluate if the trends seen are significant or not.  
Data suggest that with an increase in PEG-LA-DA concentration higher stress can 
be achieved. Very little hysteresis is observed. Further results show that an increase in 
both PEG-LA-DA and collagen concentration leads to higher stresses. At high PEG-LA-
DA concentrations the effect of collagen on the stress-strain behavior appears to be more 






Figure 3.6 Compression characterization of PEG-LA-DA (10, 15, 20 wt%) and collagen 
(0.00, 0.25, 0.50, 0.75 wt%) samples. Samples were subjected cyclically loaded to 50% 
strain at a rate of 0.1 mm/sec. 
 
Table 2 Summary of compression experimental data. The colors represent the collagen 







Figure 3.7 Compression tests of samples completed to 50% compression follow the 
curves of samples that were compressed to fracture. Overlapping data suggest 





3.4 Swelling and Degradation Experiments 
Having functionalized PEG with lactide end groups allows for degradation of the 
hydrogel. The purpose of the experiments was to determine how the network swells and 
degrades, how long it takes to degrade, and if the amount of collagen added has a bearing 
on the time to total degradation. We hypothesize that, adding a small amount of collagen 
to the photo-crosslinked PEG-LA-DA network may lead to a decreased number of 
network-active covalent crosslink sites which in return may influence swelling and 
degradation data. Knowledge about hydrogel degradation is important for optimizing 
degradation profiles for a specific application and gaining some control over degradation 
properties. 
During degradation, the hydrophilic properties of PEG usually lead to swelling of 
PEG based hydrogels in aqueous environments such as phosphate buffered saline 
solution (PBS). Figure 3.8 summarizes the swelling behavior over a period up to 90 days. 
Once the hydrogel is swollen, any change in mass is due to degradation. Samples were 
tested at 25°C (handling and processing temperature) and 37°C (body temperature). 
Samples containing higher PEG-LA-DA concentrations take longer to fully swell and 
subsequently degrade. This effect may be attributed to the increased number of covalent 
crosslinkers that have to be broken before the sample degrades. With increasing 
temperature the samples degrade faster. This behavior is expected as the rates of the 
chemical reactions (breaking of bonds) increase with increasing temperature.  
Compared to lactide (e.g. in PLA) and collagen, PEG is considered a hydrophilic 
polymer. Collagen does not easily dissolve in  water  but  can  be  partially  “dissolved”  by  




interpenetrating hydrogel networks made from photo-crosslinked PEG-diacrylate (PEG-
DA) and semi-interpenetrating collagen we conclude that the presence of lactide 
molecules in the hydrogels allows for the incorporation of more collagen into the PEG-
LA-DA hydrogel network (0.75 wt% collagen) compared to the PEG-DA network (0.50 
wt% collagen)[21]. Lactide and collagen are both relatively more hydrophobic than PEG 
thus   molecular   interactions   between   these   two   may   enhance   collagen   “solubility” or 
collagen integration within the PEG-LA-DA network. If the presence of collagen does 
decrease the number of network-active covalent crosslinks during photopolymerization 
and thus weaken the hydrogel network, then our data suggest that the interactions 
between collagen and lactide may strengthen the network. 
Qualitative evaluation of data shown in Figure 3.8 suggests that the addition of 
collagen does not significantly influence the degradation time. PEG-LA-DA 
concentrations do appear to influence the time to total degradation of the hydrogels. 
When comparing our degradation data on PEG-LA-DA hydrogels to literature data on 
dried and electro-spun PEG-PLA block copolymers and PLGA sub-micron sized fibers, 
we observe differences in degradation times. For example, while our hydrogels degrade 
within 90 days, the electrospun fibers degraded (75% weight loss) within 42 days [60]. 
This may be expected because our hydrogels are covalently crosslinked networks made 
from 3.4kg/mol PEG containing lactide endgroups while the fibers were made from 
90kg/mol blockcopolymers.   





Figure 3.8 Hydrogel swelling and degradation behavior over time is shown in plots. 
Degradation occurs at a faster time scale with increase in temperature (as observed in the 
lower three graphs). Additionally, there appears to be a difference in the total time of 
degradation based on PEG-LA-DA concentrations. Error bars are shown for all data, if 
not visible they are smaller than the data points. 
 
Compared to current vocal fold treatments which can last up to 6 months [4], our 
material has a faster degradation time (90 days). By adding more lactide groups to the 
end of the PEG polymer chain, we expect the degradation times to increase. By using 
PLA-PEG copolymers crystal formation between poly lactic acid chains may occur 
which can extend degradation times. Additional experiments incorporating more collagen 
(greater than 0.75 wt%) into the network could also increase degradation times, as could 




CHAPTER 4.  CONCLUSIONS 
We presented the synthesis and rheological characterization of a robust and 
degradable hydrogel system made of lactide containing poly (ethylene glycol) diacrylate 
that was photocross-linked in the presence of collagen. The hydrogel precursor solutions 
are low viscous and injectable and the cross-linked hydrogels form elastomeric-like 
polymer networks. The network structures are semi-interpenetrating with covalently 
crosslinked PEG-LA-DA and semi-interpenetrating collagen that may be physically 
interacting with the functionalized PEG network. Possible interactions between the 
collagen and the PEG-LA-DA include hydrogen bonding, ionic, dipole and hydrophobic 
interactions among others. Mechanical properties of the hydrogels were found to depend 
predominantly on functionalized PEG concentration. Oscillatory shear experiments 
showed that a viscoelastic region was observed for all samples at around 104 Pa with 
trends depending predominately on PEG-LA-DA concentrations. Tensile testing 
experiments   suggested   that   Young’s   Moduli   are   around   125   kPa and that there is no 
significant difference between samples containing collagen and those without. 
Compression experiments showed compressive strengths (on average) of 460 kPa, 
compressive moduli of 118 Pa and hysteresis behavior of ca. 295 kJ·m-3.  
As expected, samples at 37°C degraded faster than those at 25°C. Incorporation of 




but did not significantly influence degradation properties. Overall degradation was faster 
than expected with the longest degradation times being around 90 days. Degradation 
properties were strongly dependent on temperature. Experimental results suggest that this 
hydrogel system can be further formulated and developed to fine tune mechanical and 
degradation properties. The findings and results from this project show promise in 
generating robust and degradable soft materials for viscoelastic tissue repair and 
regeneration. For use as injectable matrices in vocal folds, degradation times will need to 
be extended. This can potentially be done through formulation with more collagen, 
changes in hydrogel composition, changes in PEG functionalization, the synthesis of 
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